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We describe here the further characterization of two DNA aptamers that specifically bind to hepatitis C virus
(HCV) RNA polymerase (NS5B) and inhibit its polymerase activity in vitro. Although they were obtained from
the same selection procedure and contain an 11-nucleotide consensus sequence, our results indicate that
aptamers 27v and 127v use different mechanisms to inhibit HCV polymerase. While aptamer 27v was able to
compete with the RNA template for binding to the enzyme and blocked both the initiation and the elongation
of RNA synthesis, aptamer 127v competed poorly and exclusively inhibited initiation and postinitiation events.
These results illustrate the power of the selective evolution of ligands by exponential enrichment in vitro
selection procedure approach to select specific short DNA aptamers able to inhibit HCV NS5B by different
mechanisms. We also determined that, in addition to an in vitro inhibitory effect on RNA synthesis, aptamer
27v was able to interfere with the multiplication of HCV JFH1 in Huh?7 cells. The efficient cellular entry of these
short DNAs and the inhibitory effect observed on human cells infected with HCV indicate that aptamers are
useful tools for the study of HCV RNA synthesis, and their use should become a very attractive and alternative

approach to therapy for HCV infection.

Hepatitis C virus (HCV) infection causes serious liver dis-
eases, such as chronic hepatitis, which can evolve into cirrhosis
and hepatocellular carcinoma (20, 39). The most effective ther-
apy, a combination of pegylated interferon and ribavirin, is
efficient in only 50% of patients (32). Therefore, new treat-
ments based on specific and well-tolerated compounds need to
be developed.

HCV RNA replication is catalyzed by the viral polymerase
NS5B. This RNA-dependent RNA polymerase (RdRp) syn-
thesizes a negative-strand RNA that serves as a template for
the synthesis of new positive RNA strands. Viral RNA synthe-
sis can be divided into two major steps: (i) initiation, which
corresponds to the formation of a 2- or 3-nucleotide (nt) prod-
uct and which occurs by a de novo mechanism in vitro as well
as in the cellular replicon system that mimics some steps of the
in vivo viral cycle (9, 31, 49), and (ii) elongation, which yields
a full copy of the template. The transition between these two
steps, in which 3-nt to 5-nt products are synthesized, may
involve conformational changes of the viral polymerase that
are not yet understood (14). The structure of the enzyme, as
determined by X-ray crystallography, revealed, like for many
other RNA and DNA polymerases, a right-handed-like struc-
ture with finger, palm, and thumb domains (1, 7, 28). It has
been shown that the NS5B protein may adopt a closed and
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active conformation. The contact between the two loops ex-
tending from the fingers and the thumb links these two do-
mains and closes the back of the enzyme to form a tunnel that
constitutes the entry site for ribonucleotides. This suggests that
a concerted movement of the thumb and fingertips occurs
during the polymerization steps. The NS5B polymerase pre-
senting an open conformation has been described to be inac-
tive (1, 5). Moreover, HCV NS5B possesses a 3-hairpin in the
thumb domain that protrudes toward the active site. This
B-hairpin plays an important role in positioning the 3’ end of
the viral RNA genome for the accurate initiation of replication
(19). The essential role of NS5B in the HCV life cycle makes
this protein an attractive target for the development of specific
anti-HCV drugs. Several molecules have been described to
inhibit RdRp activity in vitro as well as in the replicon cell
culture system (30). These compounds include nucleoside an-
alogues and nonnucleoside inhibitors (for a review, see refer-
ence 48).

An in vitro selection procedure, called the selective evolu-
tion of ligands by exponential enrichment strategy, allows the
isolation of nucleic acid ligands termed aptamers that display
high degrees of affinity and specificity for a wide array of
targets, ranging from large proteins to small molecules (45).
Many selections have been directed against viral proteins, bac-
terial proteins, and oncoproteins (36). In addition to potential
therapeutic applications, aptamers can also be used for diag-
nostic assays (22) and structure-function analyses (8, 21). In a
previous work, we selected DNA aptamers able to bind to
HCV NS5B (3). We showed that one of these aptamers, oli-
godeoxynucleotide (ODN) 27v, is a strong inhibitor of RNA
synthesis by NS5B in vitro and interferes with the binding of
the RNA template to the enzyme. In this work, we report that
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a second aptamer, ODN 127v, isolated during the same selec-
tion experiment, is able to inhibit RNA synthesis in vitro. This
aptamer shares a consensus region with ODN 27v; neverthe-
less, biochemical and enzymatic analyses revealed that the
mechanism of inhibition of RNA synthesis was different for
these two aptamers. Moreover, using the recently described
HCV replication system in human cells (47), we show the
distinct potential of these aptamers to inhibit RNA synthesis
and HCV particle (strain JFH1) production in cell culture.

MATERIALS AND METHODS

Proteins and nucleic acids. The recombinant HCV NS5BA21 of HCV isolates
H77 (genotype 1a) and JFH1 (genotype 2a) and GB virus B (GBV-B) NS5BA19
were expressed in Escherichia coli and purified as described previously (2, 38).
The RdRp of poliovirus (3DP°') was a generous gift from E. Wimmer (State
University of New York, Stony Brook).

ODNs were purchased from MWG Biotech (Ebersberg, Germany). Prior to
use, the DNA aptamers were purified on a G25 Sephadex spin column (Amer-
sham Biosciences, United Kingdom) and/or precipitated by the use of 0.3 M
sodium acetate, 7.5 mM MgCl,, and 1 volume isopropanol. RNA oligonucleo-
tides (ORNs) were synthesized by Dharmacon (Chicago, IL).

RNA template. The RNA template that was used, named (—)IRES, corre-
sponds to the first 341 nt of the 3’ end of the viral RNA minus strand. It was
synthesized by in vitro transcription (MEGAscript kit; Ambion, Austin, TX) of
DNA obtained by PCR amplification from pGEM9Zf(—) containing the 341 nt
of the 5" untranslated region (UTR) of HCV H77, as described previously (38).
The 23-nt RNA template (21 nt from the 3" UTR with two C residues added to
the 3" end), 5'-UGGCCUCUCUGCAGAUCAUGUCC-3', obtained as a 2'-
acetoxy ethyl orthoester-protected RNA, was deprotected by acid treatment at
60°C, according to the manufacturer’s instructions (Dharmacon).

Nucleic acid labeling. Oligonucleotides (10 pmol) were labeled with T4
polynucleotide kinase and 50 p.Ci [y->*PJATP (3,000 Ci - mmol~'; Amersham
Biosciences) by incubation in a total volume of 10 pl for 30 min at 37°C,
according to the manufacturer’s instructions (Promega). Unincorporated
[y-**P]ATP was removed by use of a G25 Sephadex spin column (Amersham
Biosciences). RNAs were labeled by in vitro transcription by use of the MEGA-
script kit and 15 p.Ci [a-*?PJUTP (Amersham Biosciences). The DNA templates
were digested with DNase I for 15 min at 37°C. To measure the amount of
radioactivity incorporated into the nucleic acids, 2-pl aliquots were precipitated
with 10% trichloroacetic acid (TCA), and the radioactivity was counted in a
Wallac scintillation counter. After phenol-chloroform extraction, the RNAs were
precipitated with isopropanol and dissolved in water.

In vitro RNA polymerase (RdRp) assay. The in vitro RNA polymerase
(RdRp) assay was performed in a total volume of 20 wl containing 20 mM Tris
(pH 7.5); 1 mM dithiothreitol (DTT); 17 U RNasin; 40 mM NaCl; 5 mM MgCl,;
0.5 mM each of the three nucleoside triphosphates (NTPs) ATP, CTP, and GTP;
86 nM of the RNA template (—)IRES; 150 nM of purified NS5B from HCV H77
or JFH1 or from GBV-B; and either 10 pCi [a->P]JUTP and 2 uM UTP or 2 pCi
[PHJUTP (46 Ci - mmol ™). The reaction mixture was incubated for 2 h at 30°C,
and the radiolabeled products were precipitated by the addition of 10% TCA.
The radioactivity incorporated was quantified by counting in a Wallac scintilla-
tion counter. For analysis of the 3*P-labeled RNA, synthesis was stopped by
adding 6.25 mM EDTA, 10 mM Tris-HCI (pH 7.5), and 0.125% sodium dodecyl
sulfate (SDS). The products were purified by phenol-chloroform extraction (1:1;
vol/vol) and precipitated with 1 volume of isopropanol in the presence of 0.5 M
ammonium acetate. The RNAs were dissolved in 95% formamide, 0.5 mM
EDTA, 0.025% SDS, 0.025% bromophenol blue, and 0.025% xylene cyanol and
then heated for 2 min at 94°C and loaded onto a 6% polyacrylamide denaturing
gel containing 7 M urea in TBE (Tris-borate-EDTA) buffer. After electrophore-
sis, the gel was dried and autoradiographed with Kodak X-Omat-AR-5 film.

For single-round RNA synthesis, HCV NS5B RNA and (—)IRES RNA were
preincubated 30 min at 30°C in the same incubation mixture described above,
except that ATP and [*?P]JUTP were omitted. Heparin was then added to a final
concentration of 200 pg - ml~! before addition of ATP and [a-**PJUTP. The
reaction mixture was further incubated at 30°C for 2 h. The RNA products were
precipitated with 10% TCA, and the radioactivity incorporated into the RNA
was quantified as described above.

(i) Poliovirus 3DP°! assay. Poliovirus 3DP°! (150 nM) was incubated for 2 h at
30°C with 20 pg - ml~! polyribo-adenosine template and 2 pg - ml~' primer
oligoU in a reaction mixture containing 20 mM Tris (pH 7.5), 1 mM DTT, 17 U
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RNasin, 30 mM NaCl, 5 mM MgCl,, and 2 p.Ci [PHJUTP (46 Ci - mmol ™). The
newly synthesized products were precipitated by the addition of 10% TCA. The
radioactivity incorporated into the RNA was quantified as described above.

(ii) HIV-1 RT assay. Human immunodeficiency virus (HIV) type 1 (HIV-1)
reverse transcriptase (RT) was from clone HIV SF2, an HIV isolate from San
Francisco, CA, previously referred to as ARV-2 (40). HIV-1 RT (150 nM) was
incubated for 10 min at 37°C with 20 pg - ml~! polyribo-adenosine and oligo(dT)
(5:1) in a reaction mixture containing 50 mM Tris pH 7.9, 1 mM DTT, 40 mM
KCl, 5 mM MgCl,, 10 uM dTTP, and 0.5 wCi [PH]dTTP (56 Ci - mmol 1) (12).
The reaction was arrested by the addition of 10% TCA, and the amount of
radioactivity incorporated into the DNA was determined as described above.

Inhibition of polymerase activity by DNA aptamers. For multiple-round rep-
lication assays, increasing concentrations of aptamer were added to the complete
RdRp reaction mixtures. After a 2-h incubation at 30°C, the amount of labeled
product was determined as described above. The 50% inhibitory concentration
(ICs0) was calculated as the aptamer concentration that reduced the polymerase
activity by 50%.

For single-round RNA synthesis, HCV NS5B (strain H77) was preincubated
for 30 min at 30°C with (—)IRES RNA, CTP, and GTP. Different concentrations
of aptamers were then added and incubated for 30 min at 30°C or not incubated
before the addition of heparin, ATP, and [**PJUTP. The reaction mixture was
further incubated for 2 h at 30°C.

Gel-based initiation and elongation assays. Gel-based initiation and elonga-
tion assays were performed essentially as described by Liu et al. (29). These
assays make use of a shorter RNA template (23 nt) that allows the better
separation of products of various lengths. The assays were carried out in 50 .l of
20 mM Tris (pH 7.4), 50 mM NaCl, 1 mM EDTA, 2 mM MnCl,, 5 mM DTT, 0.4
U/pl RNasin, 1 uM 23-nt RNA template, and 1.13 puM HCV strain H77 NS5B.
‘When the initiation phase was analyzed, 1 mM GTP and 40 pM ATP with 8 pCi
[«-*?PJATP (3,000 Ci - mmol ') were the only NTPs added. The inhibition of
the initiation step was examined by quantifying the amount of the 3-nt RNA
product synthesized in 30 min at 30°C in the presence of various concentrations
of inhibitors. The inhibition of the elongation step was assessed by determining
the amount of products whose sizes were equal to and greater than the sizes of
the RNA template products in the presence of all four nucleotides with or
without inhibitor. At first, a 30-min preincubation with GTP and ATP was
performed at 30°C to allow the formation of initiation complexes. Then, after the
addition of 40 uM CTP, 40 uM UTP, and 8 puCi [a->?PJATP with or without
aptamer, the reaction mixture was further incubated for 5 min to allow elonga-
tion. The reaction was quenched with an equal volume of 50 mM SDS. To 4 pl
of the arrested reaction sample, 8 ul of formamide-dye loading buffer was added.
After denaturation at 70°C for 5 min, samples were loaded onto a 25% acryl-
amide gel in TBE buffer containing 7 M urea. The gel was run at 30 W for 3 h
and then submitted to electronic autoradiography with an Instant Imager auto-
radiograph (Packard Instruments).

Electrophoretic mobility shift assay. The aptamer labeled at the 5’ end with
32P (13 nM, 10,000 cpm) was incubated for 10 min at 30°C in 8 .l of the binding
buffer used for the in vitro selection process (20 mM Tris [pH 7.5], 5 mM MgCl,,
1 mM DTT, 40 mM NaCl). Increasing amounts of HCV strain H77 NS5B (31.2
nM to 1 pM in 2 pl) were then added, and incubation was continued for 30 min
at 30°C. Two microliters of electrophoresis loading buffer (10 mM Tris [pH 8], 1
mM EDTA, 0.1% bromophenol blue, 0.1% xylene cyanol, 30% glycerol) was
added to the samples before they were loaded onto a nondenaturing 10%
polyacrylamide gel. The electrophoresis was carried out at 200 V for 6 h at room
temperature. The gel was submitted to autoradiography, and the labeled bands
corresponding to free aptamers were quantified with the Image J program. The
percentage of bound ODN was plotted against the concentration of the protein
by using Kaleidagraph (version 3.6) software (Synergy Software). The apparent
K, was defined as the concentration of NS5B that resulted in a 50% shift of the
32p_labeled aptamer.

For competition electrophoretic mobility shift assay experiments, (—)IRES
RNA internally labeled with 3*P (13 nM) was incubated with HCV strain H77
NS5B (500 nM), and increasing concentrations of aptamer were added to the
RdRp reaction mixture in the absence of ribonucleotides.

Thermal denaturation. The thermal denaturation of the aptamers (a 2.7 puM
solution corresponds to an optical density at 260 nm of 1) in 20 mM Tris (pH
7.5), 100 mM NaCl, and 5 mM MgCl, was monitored on a Cary 1 UV/visible
spectrophotometer interfaced with a Peltier effect device that controls the tem-
perature within =0.1°C. A thin film of mineral oil was loaded onto each sample
to counteract solvent evaporation at high temperatures. Buffer without aptamer
was used as the reference. The rate of temperature increase or decrease was
0.5°C * min ! from 5 to 90°C; and the absorbance at 260 nm, 295 nm, and 405 nm
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was recorded every 0.5°C. The first-derivative plots of the thermal melting pro-
files were calculated by using Kaleidagraph (version 3.6) software.

Chemical and enzymatic probing. The 5'-end-labeled (50,000 cpm) aptamers
were partially digested at 15, 20, 25, or 30°C with different concentrations of P1
nuclease in the binding buffer used during the in vitro selection process contain-
ing 0.5 pg salmon sperm DNA. Aliquots were taken at various times and mixed
with an equal volume of loading buffer (95% formamide, 0.5 mM EDTA, 0.025%
SDS, 0.1% bromophenol blue, 0.1% xylene cyanol). The cleaved products were
analyzed on 20% polyacrylamide—7 M urea denaturing gels. For chemical prob-
ing, the labeled ODNs were incubated for 10 min with either 0.42 mM KMnO,
or 0.2% dimethyl sulfate (DMS) in 10 pl of binding buffer. One microliter of
allylic alcohol (Sigma) was added to the KMnO, reaction mixture. After addition
of 100 pl of pyrrolidine (1.1 M; Sigma), both reaction mixtures were heated at
90°C for 15 min and dried under vacuum. The pellets were resuspended in 10 pl
loading buffer, and the cleaved products were analyzed as described above.

Cell culture. An HCV-permissive human hepatoma cell line (Huh7) was
grown in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10%
heat-inactivated fetal calf serum and gentamicin (50 pg - ml~ ') at 37°C in a 5%
CO, atmosphere. These cells (Huh7-QR) were obtained from the Huh7/Rep5.1
cell line cured for the Rep5.1 replicon by treatment with 150 U - ml~! alpha
interferon. After 3 weeks in the presence of this drug and the absence of G418,
no replicon RNA could be detected (13).

RNA transfection. HCV JFHI1 genomic RNA was obtained by in vitro tran-
scription from pJFH1-pUC, kindly provided by T. Wakita (47). One microgram
of JFH1 RNA was transfected into Huh7 permissive cells with the DMRIE-C
reagent according to the manufacturer’s instructions (Invitrogen). After six pas-
sages, the culture medium (4.6 X 10% viral RNA copies - ml~') was passed
through a 0.45-pm-pore-size nitrocellulose filter and stored at —80°C before
being used for the infection assays.

HCYV infection and viral RNA quantification. Twenty-four hours before infec-
tion, permissive Huh7 cells were seeded at a density of 5 X 10* cells/well in a
24-well plate. They were infected with 500 wl of the JFH1-producing cell super-
natant (5 X 10* infectious particles) in DMEM containing different concentra-
tions of aptamers or no aptamer. After 4 h at 37°C, 500 ul of DMEM-20% fetal
calf serum was added, and the infected cells were cultured for 48 h. Total cellular
RNAs were extracted with the TRIzol reagent according to the manufacturer’s
instructions (Invitrogen). Purified RNA was resuspended in 30 pl H,O treated
with diethyl pyrocarbonate, and the viral RNA copy number was quantified by
real time RT-PCR with an iScript one-step RT-PCR kit (Bio-Rad). The forward
primer (5'-AAGTCTTTGGAGCCGTGCAA-3") and the reverse primer (5'-T
GTCTCAACGGGGATGAAAT-3") were designed to amplify part of the NS3
region of HCV JFH1 RNA. The RT-PCR conditions were 1 cycle of 10 min at
50°C; 1 cycle of 5 min at 95°C; and 45 cycles of 10 s at 95°C, 30 s at 64°C, and 30 s
at 72°C.

Infection of cells with secreted HCV and determination of infectivity. Huh7
permissive cells were seeded at a density of 5 X 10* cells/well in Lab-tek chamber
slides (eight wells). They were infected with 5 X 10* JFH1 infectious particles in
250 nl DMEM with or without aptamers, as described above. The cell mono-
layers were rinsed to eliminate the input virus and were then incubated for 48 h
at 37°C in DMEM containing 10% fetal calf serum. The cell supernatants were
harvested from the individual wells, diluted with an equal volume of DMEM
containing 10% fetal calf serum, and used to reinfect Lab-tek chamber slides
seeded with 25,000 Huh7 permissive cells. After 48 h of culture, the infected
Huh7 cells were fixed with 3% paraformaldehyde and then permeabilized with
0.1% Triton X-100 in phosphate-buffered saline (PBS; 140 mM NaCl, 3 mM KCl,
8 mM Na,HPO,, 1.5 mM KH,PO, [pH 7.4]). After three washes with PBS, the
cells were incubated for 3 h at 4°C with rat monoclonal anti-E2 antibody 3/11,
kindly provided by Czeslaw Wychowski (CNRS-UPR2511, Lille, France), in PBS
containing 10% fetal calf serum (16). After three washes with PBS, the cells were
incubated with Alexa Fluor 594-conjugated secondary antibodies. Coverslips
were mounted on the slides with the Vectashield mounting reagent (Vector,
Burlingame, CA). The foci of fluorescent cells were counted with a Zeiss micro-
scope with a x40 lens.

Cell proliferation assay. The cytotoxicities of the aptamers were assessed by
the CellTiTer 96 Aqueous One solution cell proliferation assay (Promega) ac-
cording to the manufacturer’s instructions. Briefly, Huh7-QR cells were seeded
at a density of 2.5 X 10* cells/well in a 96-well plate. Twenty-four hours later, the
cells were washed with DMEM without serum and incubated for 4 h in DMEM
containing aptamer 27v, 127v, or IV-04 (an HIV Tar-specific aptamer [6]) at 5
M or 1 pM. Then, 50 pl of DMEM-20% FCS was added to each well and
incubation was continued for 24 h at 37°C. The culture medium was then
replaced by DMEM (100 pl) containing 20 pl of CellTiTer 96 reagent. After a
1-h incubation at 37°C, the absorption was measured at 492 nm and compared to
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that of wells seeded with serial dilutions of cells grown without the ODNs (3,125
to 5 X 10* cells per well).

Confocal microscopy. Huh7-QR permissive cells were plated on coverslips at
10° cells/well in 24-well plates and were grown for 24 h. The culture medium was
discarded, 5’ Cy3-labeled ODNs (27v, 127v, and IV-04; 1 uM in 490 pul DMEM)
were added to the culture, and the mixture was incubated for 15 min at room
temperature, followed by the addition of 5 X 10* JFH1 virus and further incu-
bation for 4 h at 37°C. The culture medium was adjusted to 1 ml with DMEM
containing 20% fetal calf serum, and the cells were cultured for 24 h at 37°C. The
cells were then washed three times with PBS and incubated in a solution of
biotinylated concanavalin A (Sigma) at a final concentration of 50 pg - ml™".
After a wash with PBS, the cells were fixed with 500 i of 3.7% formaldehyde for
5 min. The cells were washed again and then incubated with 300 ul of 1 ug - ml™!
4'-6-diaminido-2-phenylindole (Sigma) for 10 min. After three washes with PBS,
the cells were incubated for 1 h with 300 pl of 5 ug - ml™! streptavidin conju-
gated to Alexa Fluor 488 (Molecular Probes) and washed again with PBS, as
described above. Coverslips were sealed onto the glass slides by using a drop of
fluorescence mounting medium (Vectashield, hard set; Vector). The cells were
observed with a Leica TCS SP5 confocal microscope (Plateforme d’Imagerie
Cellulaire, IFR66, Université de Bordeaux 2) and a X63 HCX PL APO CS lens.

RESULTS

Inhibition of HCV NS5B activity by DNA aptamers. We
have previously described the in vitro selection of DNA aptam-
ers (81 nt) constituted by a 35-nt random sequence flanked by
two constant sequences intended for PCR amplification (3).
Among the 58 sequenced aptamers with a high affinity for
HCV NS5B, 30 could be classified into four groups on the basis
of their sequence homologies, and two of them (aptamers 27
and 89) were shown to be strong inhibitors of NS5B activity in
vitro. The use of deleted forms of these aptamers allowed us to
find that the inhibitory potential of ODN 27 was associated
with its 35-nt-long random region. Indeed, this shortened
aptamer, called ODN 27v, was able to inhibit the HCV H77
RdRp with an IC, of 196 = 16 nM, very similar to the value
obtained for the original full-length 81-nt aptamer ODN 27
(ICs, 145 = 5 nM) (Fig. 1A) (3).

In order to identify additional aptamers able to inhibit HCV
NS5B, we sequenced additional clones isolated from the same
selection procedure and tested their effects on RNA synthesis
in vitro. Hence, we found that one aptamer, ODN 127, inhib-
ited HCV NS5B with an ICs, of 401 = 46 nM (Fig. 1B).
Aptamer 127 displayed an 11-nt consensus sequence (GCNN
ATTGTCC) which is also present in aptamers 27 and 89. An
ODN corresponding to its 35-nt random region (ODN 127v)
was synthesized and tested in vitro. Its ICs, was 322 *= 48 nM,
with the total inhibition of RNA synthesis occurring at 1 pM
(Fig. 1B). The inhibition of RNA synthesis was further exam-
ined by analyzing the **P-labeled RNA products on denaturing
polyacrylamide gels. Two products whose sizes were equal to
or greater than the size of the template RNA were observed.
As described previously (3), the amount of these products
decreases with increasing concentrations of 27v (Fig. 1C, lanes
2 to 7). Addition of serial dilutions of 127v also lowered the
amounts of these products, but at higher concentrations (0.8 to
4 uM), it induced the synthesis of a new product slightly longer
than the template (Fig. 1C, lanes 8 to 13). Next, we checked if
the DNA nature of the aptamers was important in the inhibi-
tion of the HCV NS5B activity. Thus, two ORNs whose nu-
cleotide sequences were identical to those of ODNs 27v and
127v were synthesized, and their effects on RNA synthesis were
determined. The results, presented in Fig. 1D, showed that
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FIG. 1. Effects of ODNs and ORNs on RdRp activity of NS5B. RdRp assays were performed as described in Materials and Methods. Strain
H77 NS5B at 150 nM was incubated in a 20-pl RdRp reaction mixture with 86 nM (—)IRES RNA and increasing amounts of 81-nt ODNs (ODN
27 or 127) or 35-nt ODNs (ODN 27v or 127v). (A) ODN 27 (open circles) and ODN 27v (closed circles); (B) ODN 127 (open circles) and ODN
127v (closed circles). The amount of RNA synthesis was determined by measuring the TCA-precipitable radioactivity. The results, which
correspond to the mean values of three independent experiments, are expressed as relative activity, in which 100% activity corresponds to the
enzymatic activity in the absence of ODN aptamers. (C) The RdRp assay was performed in the presence of [a-*?PJUTP without an ODN (lane
1) or with 100 nM, 200 nM, 400 nM, 800 nM, 2 uM, and 4 pM ODN 27v (lanes 2 to 7, respectively) or ODN 127v (lanes 8 to 13, respectively).
The **P-labeled reaction products were denatured and loaded onto a 6% denaturing polyacrylamide gel. Lane —, incubation without enzyme; lane
M, RNA size marker. (D) Increasing concentrations of DNA aptamers 27v (closed circles) and 127v (closed triangles) or oligonucleotides
corresponding to the RNA version of aptamers 27v (open circles) and 127v (open triangles) were added to the polymerase reaction mixture. Error

bars represent the standard deviations.

ORN:S corresponding to 27v and 127v showed weak inhibition
of RNA synthesis by NS5B. We have focused our study on
ODNs 27v and 127v, since they proved to be inhibitors as good
as the selected aptamers but contained only the variable re-
gion.

Specificities of ODNs 27v and 127v for HCV NS5B. We
previously showed that ODN 27v did not inhibit the polymer-
ase activity of poliovirus 3DP®' (3). To further analyze the
specificity of HCV NS5B inhibition by these aptamers, we
tested the effects of ODNs 27v and 127v on the activities of
several viral polymerases, in addition to HCV H77 NS5B:

HIV-1 RT and GBV-B NS5B for ODNs 27v and 127v and
poliovirus 3DP°! for ODN 127v. As shown in Fig. 2A and B,
HIV-1 RT was not affected or was only slightly affected by high
concentrations of aptamers 27v and 127v. Similarly, ODN 127v
did not inhibit 3DP°! RdRp.

As HIV and poliovirus belong to virus families quite differ-
ent from the family Flaviviridae, we analyzed the effects of the
aptamers on the polymerase of GBV-B, a member of the
family Flaviviridae closely related to HCV (35). ODNs 27v and
127v were able to inhibit the RNA synthesis directed by the
GBV-B NS5B (Fig. 2A and B). However, this inhibition was
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only partial compared to the effect on HCV NS5B, as 33% and
47% of the enzyme activity was still observed with 1 uM ODN
27v and ODN 127v, respectively.

Aptamers 27 and 127 were selected by using the NS5B of an
HCV genotype la strain (strain H77) as the target. We ana-
lyzed the effects of these aptamers on the RNA synthesis cat-
alyzed by NS5B from an HCV genotype 2a strain (strain JFHI,
used in the cell infection studies). As seen in Fig. 2C, the latter
enzyme was as sensitive to the effect of aptamer 27v as the
NS5B from the genotype la strain (compare the black and
open circles in Fig. 2C). On the contrary, aptamer 127v inhi-
bition of the polymerase activity of the JFH1 NS5B was weaker
(compare the black and open triangles in Fig. 2C).

Binding properties of ODNs 27v and 127v. In order to de-
termine the binding affinities of ODNs 27v and 127v for the
HCV strain H77 NS5B, we performed gel shift experiments
using a fixed concentration of [**PJODN and increasing
amounts of enzyme. As shown in Fig. 3A and B, when the
NS5B from the HCV genotype 1a strain was present at a high
concentration (1 wM), 90% of ODNs 27v and 127v was bound.
The dissociation constants (K,s) of the complex determined
from the curves (Fig. 3) were 132.3 = 20 nM for ODN 27v and
320.6 = 21 nM for ODN 127v. A change in the slope of the
ODN 127v binding curve was observed at between 100 and 200
nM NS5B, suggesting the presence of different molecular spe-
cies in the ODN 127v preparation (see below). It should be

noted that in the gel shift experiments described in a previous
report (3), only 50% of ODN 27v was bound to the NS5B from
a genotype la strain at concentrations as high as 1 wM. The
introduction of a further purification step of the aptamers by
using either precipitation by isopropanol or exclusion chroma-
tography (G25 Sephadex spin column) explains the increased
binding. The last step was essential to obtaining reproducible
results with ODN 127v.

To determine if the binding of ODN 127v to the enzyme
affected the formation of a RNA template-NS5B complex,
competition experiments were carried out. Fixed concentra-
tions of [**P]JRNA template (13 nM) and HCV strain H77
NS5B (500 nM) were incubated with increasing concentrations
of ODN 127v or ODN 27v as a control. The reaction products
were analyzed by electrophoresis on nondenaturing polyacryl-
amide gels (Fig. 4A). In the absence of ODN, all of the RNA
template was bound to NS5B (Fig. 4A, lane +). Only a small
amount of RNA was released from NS5B when 1 puM ODN
127v was used (Fig. 4A, lane 7). The dissociation of the NS5B-
RNA complex was readily visible with 5 uM ODN 127v and
reached 70% at 10 uM (Fig. 4A, lane 10, and Fig. 4B). In
agreement with the findings described in a previous report (3),
1 pM ODN 27v displaced about 60% of the (—)IRES RNA
from the strain H77 NS5B. These results indicated that the
binding of 127v to NS5B allowed the dissociation of the tem-
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FIG. 3. Determination of parameters of binding of aptamers 27v
and 127v to HCV NS5B. The 5'-end-labeled ODN 27v (A) and ODN
127v (B) were incubated in 10 pl of selection buffer with increasing
amounts of H77-NS5B (31.2 nM to 1 uM). After incubation, the
NS5B-ODN complexes were separated from the free ODNSs by elec-
trophoresis on a nondenaturing polyacrylamide gel (left panels). The
percentage of bound ODNG (right panels) was determined as described
in Materials and Methods. The results correspond to the mean values
of four independent experiments. Error bars represent the standard
deviations.

plate RNA, but with an eightfold lower efficiency than that
achieved with ODN 27v (Fig. 4A, lanes 1 to 5, and Fig. 4B).

Mechanism of RNA synthesis inhibition by aptamers. The
fact that ODN 27v efficiently displaced the template RNA
from the enzyme suggests that it inhibits initiation, the first
step of RNA synthesis. To test this hypothesis, RARp assays
were performed by using single-cycle synthesis and heparin.
Heparin can trap the free enzyme and therefore prevent the
reinitiation of RNA synthesis, allowing direct study of the
effect of ODN on the enzyme already engaged in initiation
complexes. For this purpose, the initiation complex, compris-
ing NS5B, the (—)IRES template, and the two initiating nu-
cleotides CTP and GTP, was preformed for 30 min. Heparin
was then added, followed by the addition of ATP and
[**PJUTP, which allowed the elongation reaction to proceed.
Several conditions were tested by adding the aptamer before or
after the formation of the initiation complex. When the
aptamer was added before the formation of the initiation com-
plex, ODN 27v was able to fully inhibit RNA synthesis, as
expected (Fig. 5A). When this aptamer was added after the
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formation of the initiation complex, immediately before the
start of the elongation reaction (Fig. 5A), the inhibitory effect
on RNA synthesis clearly decreased. Almost 60% of the RdRp
activity persisted, whereas 5% of the RdRp activity persisted
when ODN 27v was added before the formation of the initia-
tion complex. When ODN 27v was incubated with the pre-
formed initiation complex for an additional 30 min before the
beginning of the elongation reaction (Fig. 5A), the decrease in
inhibition caused by this ODN was less marked, since at 5 uM
the enzyme activity was 40% of that of the control reaction
performed without ODN. This difference was likely due to the
fact that during the 30-min incubation preceding the beginning
of elongation, ODN 27v might have partially dissociated the
RNA-NS5B complex and/or induced structural changes in the
enzyme, leading to stronger inhibition.

This drop in the inhibition of RNA polymerase activity sug-
gested that the ODN failed to act on preformed NS5B-viral
RNA-GTP-CTP complexes. However, had ODN 27v targeted
only the initiation of RNA synthesis, no inhibition should have
been observed. Thus, the residual inhibition observed is most
probably due to an effect on elongation. We can thus conclude
that ODN 27v acts on both initiation and elongation.

Similar experiments were performed with ODN 127v. As
expected, when ODN 127v was added before the formation of
the initiation complex, it fully inhibited RNA synthesis (Fig.
5B). However, when this aptamer was added after the forma-
tion of the initiation complex and immediately before the start
of the elongation reaction (Fig. 5B), no inhibition was ob-
served. When ODN 127v was incubated with the preformed
initiation complex for an additional 30 min before the begin-
ning of the elongation reaction (Fig. 5B), RNA synthesis was
inhibited. Altogether, these results suggest that ODN 127v
inhibits initiation but has no effect on the elongation step.
As inhibition was also observed when the preformed initiation
complex was incubated with ODN 127v (Fig. 5B), it is likely
that it also prevents the transition step.

To confirm these data, we studied the effects of ODNs 27v
and 127v on initiation and elongation by the gel-based assay
described before (29). In this assay, initiation and elongation
products can be analyzed separately. Inhibition of the initiation
step was monitored by the synthesis of a 3-nt RNA product
synthesized from the 3’ end (—UCC-3") of a 23-nt RNA tem-
plate (Fig. 6A) by using [**P]ATP and GTP in the presence of
various concentrations of aptamer for 30 min. At first we used
Mn?* as the divalent cation, as described by Liu et al. (29).
When the concentration of ODN 127v was increased, the
amount of the 3-nt product as well as that of a more slowly
migrating product diminished (Fig. 6B, lanes 1 to 4) compared
to the amounts in a control reaction performed without the
aptamer (Fig. 6B, lanes 5 and 10). When the same experiment
was performed with various concentrations of ODN 27v, the
decrease in the 3-nt product was less pronounced even at high
concentration, whereas the more slowly migrating band com-
pletely disappeared (Fig. 6B, lanes 6 to 9). As the 3’ sequence
of aptamer 27v is TCC-3’, we hypothesized that part of the 3-nt
product could be the result of an initiation that occurs on the
ODN 27v used as the template. To test this hypothesis, we
repeated the same experiment without template RNA. As
shown in Fig. 6C, a labeled band migrating as a 3-nt product
was clearly visible when NS5B was incubated with ODN 27v at
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corresponding to free RNA were quantified, and the percentage was plotted against the concentration of the DNA aptamers (closed circles, ODN
27v; open circles, ODN 127v). The data correspond to the mean values of three independent experiments. Error bars represent the standard
deviations.

1 uM to 25 uM, whereas no signal above the background was able initiation could result from the lack of CTP during the
visible when NS5B was incubated alone (Fig. 6C, lanes 5 and incubation period. To further confirm that NS5B cannot initi-
10) or with ODN 127v (Fig. 6C, lanes 1 to 4). As the 3’ ate RNA synthesis at the 3’ end of ODN 127v, RNA synthesis
sequence of ODN 127v is TGCCG-3’, the absence of detect- was examined by the synthesis of short RNA products by using
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FIG. 5. RdRp activity in a single-cycle round of synthesis. (A and B) Inhibition curves for ODN 27v (A) and ODN 127v (B) under single-cycle
conditions. H77-NS5B (150 nM), (—)IRES template (86 nM), and CTP and GTP (0.5 mM each) were preincubated for 30 min at 30°C. Heparin
was added, and elongation was started by the addition of 0.5 mM ATP plus [a-**P]JUTP. Various concentrations of ODN were added at the same
time as RNA and NS5B (closed circles) or as ATP and [a-**P]UTP at the beginning of elongation (closed triangles). In a third experiment (open
circles), ODN was added after the formation of the RNA-NS5B complex and the mixture was incubated for 30 min at 30°C before the addition
of heparin and ATP plus [a-*>P]JUTP. The data correspond to the means of four independent experiments. Error bars represent the standard
deviations.
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in gel-based initiation and elongation assay. (B) Inhibition of initiation step; 1.13 uM H77-NS5B was incubated for 30 min with 1 uM 23-nt RNA
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(C) or with [**P]ATP, CTP, and GTP (D). The lanes are as described above for panel B. (E) Inhibition of the elongation step; 1.13 uM H77-NS5B
was incubated for 30 min with 1 M 23-nt RNA template, ATP, and GTP without aptamer. Elongation was started by addition of UTP, CTP,
[**P]ATP, and aptamers. The lanes corresponding to the elongation reaction with aptamer dilutions or without aptamers are as described above

for panel B.

[**PJATP, CTP, and GTP in the presence of various concen-
trations of ODN 27v or 127v for 30 min without the 23-nt RNA
template. Labeled RNA products were detected only in the
presence of ODN 27v (Fig. 6D, lanes 6 to 9), whereas only the
background signal was found with ODN 127v (Fig. 6D, lanes 1
to 4).

We then assessed the effects of ODNs 27v and 127v on
elongation. For that, NS5B was preincubated with the 23-nt
RNA, ATP, and GTP for 30 min before the addition of aptam-
ers and the additional NTPs (CTP, UTP, and radiolabeled
ATP). The elongation was monitored for the synthesis of a
23-nt product as well as higher-molecular-weight species re-
sulting from template switching (29). The results of such an
experiment are shown in Fig. 6E. In agreement with the results
obtained by a single round of synthesis, they demonstrated that
ODN 127v did not inhibit elongation. It should be noted that
at the highest concentration tested (25 wM; Fig. 6E, lane 4), in
addition to products whose sizes were equal to and greater
than the size of the template product, an RNA slightly shorter
than the template was also observed. On the contrary, ODN
27v strongly inhibited the elongation of RNA products initi-
ated on the 23-nt RNA template (Fig. 6E, lanes 6 to 9). More-
over, at high concentrations (5 and 25 pM), aptamer 27v was

used as a template by NS5B polymerase and copied into RNA
(the bands indicated by an asterisk in lanes 8 and 9 of Fig. 6E).
HCV NS5B has previously been shown to be able to synthesize
RNA on a single-stranded DNA template, even though the
efficiency of RNA synthesis was lower than that on an RNA
template (10, 24). The experiments described above were per-
formed in the presence of Mn?", which is known to enhance
the activities of polymerases but to decrease their fidelity com-
pared to the fidelity achieved when Mg®" is used. In addition,
Mg>" is the divalent cation most probably used in the cell. The
effects of ODNs 27v and 127v on initiation and elongation were
therefore reinvestigated in a gel-based assay, but in the pres-
ence of 5 mM MgCl, instead of 2 mM MnCl,. As observed
with Mn?*, ODN 127v inhibited only initiation, whereas ODN
27v prevented both initiation and elongation from the 23-nt
RNA template. However, in the presence of Mg>", the level of
RNA synthesis from ODN 27v was low (data not shown).
These results are in agreement with those presented in Fig. 1C,
where no RNA product corresponding to the size of ODN 27v
was visible.

Secondary structures of the aptamers. To gain insight into
the structural features of the aptamers, we combined UV melt-
ing experiments with chemical and enzymatic probing. Both
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(C) and ODN 127v (D) predicted by mfold software.

melting curves obtained at 260 nm (Fig. 7A and B) displayed a
single, fully reversible transition, indicating that both aptamers
adopted a folded structure. First derivatives of the melting
curves provided melting temperatures (7,,s) of 38 and 35°C for
ODNs 27v and 127v, respectively. These values are in agree-
ment with the 7,,s predicted for the most stable structures of
the aptamers by use of the mfold program (41) with parameter
values set to the conditions used in the selection process (tem-
perature, 30°C; [Na*], 0.1 M; [Mg®*], 0.005 M). Absorbance
values were simultaneously recorded at 260 and 295 nm. No
transition was detected at the latter wavelength, indicating the
absence of G-quartet folding (33) or some other peculiar non-

canonical assemblies, such as i motifs or triplex structures (34).
Although the nucleotide sequences of ODNs 27v and 127v do
not allow prediction of the formation of intramolecular G
quartets, intermolecular G-quartet arrangements, such as
dimers of aptamers (37), had to be considered since ODN 27v
contains three G clusters in its sequence. Probing experiments
were performed with DMS, since position N-7 of the G nucle-
otides participating in Hoogsteen or reverse Hoogsteen pair-
ings, involved in the formation of G quartets or triplexes, are
known to become nonreactive to methylation by DMS. The
results from these experiments showed that all the G residues
present in the sequences of both aptamers were identically
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TABLE 1. Binding and inhibitory properties of truncated ODN 27v*

ODN Sequence (5'-3") K, (nM) 1C5y (LM)
27 ACGTACACTAGTGGTCCGGGCGGGGCTCATTGTCC 132.3 £ 20 0.19 = 0.1
27v_dell ACGTACACTAGTGGTCC— —————=——=———————— —> —
27v_del2 ACGTACACTAGTGGTCCGGGCGGGG—————————— 140.4 £ 13 0.63 = 0.1
27 del3 0 mmmmmmemee CGGGGCTCATTGTCC — 1.23 0.2
27v_del6 ACGTACACTAGTGGTCCGGGCGGGGCTCATTG——— 109.5 —
27v_del7 ACGTACACTAGTGGTCCGGGCGGGG--CATTG-—- 192.3 =10 321 %03

“The K, values of the mutant ODNs were determined as described in the legend to Fig. 3. ICs,s were determined as described in Material and Methods. The data

correspond to the means of three independent experiments = SDs.
® — no binding or no inhibitory activity.

reactive to the alkylating agent DMS (see Fig. S1 in the sup-
plemental material). This led us to conclude that G residues
involved in G-quartet structures or other triplexes were absent.
Probing experiments by the use of either chemical modification
of T residues with KMnO, (T residues participating in a dou-
ble helix are underreactive to KMnO,, in comparison to the
reactivities of T residues in single-stranded regions) or enzy-
matic mapping with the single-strand-specific nuclease P1 did
not provide us with patterns of protection compatible with any
of the individual structures proposed by the mfold program
(data not shown).

This prompted us to consider that each aptamer may adopt
two mutually exclusive alternative folding patterns with similar
stabilities. The proposed structures of ODNs 27v and 127v are
represented in Fig. 7C and D, respectively. They correspond to
the two best structures calculated by the mfold program for
each aptamer, as their predicted 7,,,s matched the values de-
termined experimentally. These two alternative conformations
would be in equilibrium with each other, and at least one of the
two forms could be recognized by the enzyme and drive equi-
librium toward the conformation that binds to the protein. It
can be noted that the consensus sequence common to both
aptamers is located in a 3’ stem-loop in one predicted structure
of ODN 27v and in a 5’ stem-loop in both predicted structures
of ODN 127v.

Determination of aptamer regions involved in binding and/or
inhibition. In order to identify the minimal domain required for
binding and/or inhibition, truncated versions of ODNs were
generated. Table 1 summarizes the binding and inhibitory
properties of ODN 27v mutants. We first tested 3’ truncated
ODN:g, called ODNs 27v_dell and 27v_del2. A deletion of 10
nt (ODN 27v_del2) did not affect the affinity for NS5B,
whereas a deletion of 19 nt abolished the binding of the ODN,
suggesting that the minimal region for NS5B binding is local-
ized between nucleotides 16 and 25. Even though deletion of
the 3’ 10 nt in ODN 27v_del2 did not affect binding to the
enzyme, the inhibitory potential was reduced by a factor of 3
(ICsp, 629 = 100 nM), suggesting that some elements involved
in NS5B inhibition are localized in this aptamer domain.

To analyze the role of the 3’ sequence, we used three addi-
tional mutants: ODN 27v_del3, which has a 5’-end 19-nt de-
letion which was able to fold as a stem-loop structure, accord-
ing to the prediction of the mfold program, and ODNs
27v_del6 and 27v_del7, which harbor short deletions at the 3’
end. ODN 27v_del3 bound very poorly to NS5B; i.e., 20% was
bound at an NS5B concentration of 1 wM, and it induced weak,
albeit significant, inhibition of RNA synthesis (ICs,, 1.23 + 0.2

uM). The ODN 27v_del6 and 27v_del7 mutants bound to
NS5B with an affinity similar to that of ODN 27v but did not
inhibit or only poorly inhibited NS5B activity. Altogether, the
data obtained with the five 27v deletion mutants demonstrated
that two domains could be distinguished in ODN 27v. The 5’
region seemed to be essentially involved in polymerase bind-
ing, and the 3’ region seemed to be essentially involved in the
inhibition of RNA synthesis.

By use of the same approach described above, several trun-
cated mutants of ODN 127v were generated and tested. De-
letion of any of the two stem-loops led to a loss in affinity and
inhibition, suggesting that the 35 nt was necessary for binding
and inhibition (data not shown).

Inhibition of JFH1 RNA synthesis and viral particle pro-
duction. Research efforts in the study of the multiplication of
HCV particles have been hampered by the lack of a cellular
system able to sustain the efficient replication of HCV. In this
respect, the development of the replicon system, which mimics
some intracellular virus steps, was an important breakthrough
(30). More recently, Wakita and coworkers described a virus
strain, termed JFH1, that productively replicates in Huh7 cells
without cell culture adaptative mutations (47). To test whether
aptamers 27v and 127v inhibit viral RNA synthesis in cell
culture, a virus suspension (5 X 10* infectious particles/500 jul)
containing three different concentrations of each aptamer was
added to Huh7 cell cultures. Forty-eight hours later, the cel-
lular RNAs were extracted and the viral RNA was quantified
by real-time RT-PCR. Figure 8A depicts the results of three
independent infection experiments. The HCV RNA copy num-
ber in cells infected with virus alone, i.e., from 7.8 X 10° to
22 X 10° HCV RNA copies/well following the experiments,
was taken as 100%. This corresponded to the 156- to 440-fold
amplification of input genomes. As described previously, the
addition of interferon completely abolished HCV replication
in Huh7 cells (13). When we added ODN 27v at the onset of
infection, we observed 90%, 68%, and 19% reductions in RNA
levels at concentrations of 5 uM, 1 uM, and 100 nM, respec-
tively. Aptamer 127v reduced the HCV RNA level in Huh7
cells by 50% at a concentration of 5 uM, whereas no effect
could be observed with control aptamer IV-04. By using the
CellTiTer 96 Aqueous One solution, we determined that these
three aptamers had no effect on cell proliferation, indicating
that the decrease in the HCV RNA level observed in the
presence of the ODN 27v was not due to a cytotoxic effect of
this molecule (data not shown).

To confirm that the decrease in viral RNA synthesis induced
by aptamers 27v and 127v correlated with a decrease in virus
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FIG. 8. (A) Inhibition of JFH1 virus replication. The culture su-
pernatant of Huh7-QR cells producing JFH1 virus (5 X 10* infectious
viruses/500 pl) was used to infect naive Huh7-QR cells. Viral particles
were added either alone; with interferon at 150 U - ml~; or with the
various ODNs at 100 nM, 1 pM, or 5 wM. After a 48-h incubation,
cellular RNAs were extracted from infected cells and the viral RNA
copies were quantified by real-time RT-PCR. The results are expressed
as a percentage of those obtained with cells infected with the virus
alone. They correspond to the means of three independent infection
experiments. Error bars represent the standard deviations. (B) Titra-
tion of HCV particles produced in the presence of DNA aptamers. A
total of 5 X 10* infectious viruses/250 wl was used to infect naive
Huh7-QR cells in the presence or the absence of the DNA aptamers.
After a 48-h incubation, the supernatants were used to infect
Huh7-QR cells. HCV-infected cells were revealed after 48 h of culture
with an anti-E2 antibody and Alexa Fluor 594-conjugated secondary
antibodies, as described in Materials and Methods. The results are
expressed as a percentage of those obtained with virus produced in the
absence of aptamers. They correspond to the means of three indepen-
dent infection experiments. Error bars represent the standard devia-
tions. The left inset shows a typical focus of infected cells observed
under fluorescent light. The right inset corresponds to the field ob-
served under a phase-contrast microscope.

particle production, the supernatants of cells infected with
JFHI1 in the presence or the absence of the aptamers were used
to reinfect naive Huh7 cells. The foci of the fluorescent cells
were revealed with an anti-E2 antibody and were numbered
under a fluorescent microscopy. We performed three indepen-
dent infection experiments. The number of infectious particles
in the control varied from 440/ml to 1,660/ml following the
experiments. The results presented in Fig. 8B confirmed the
inhibitory effects of aptamers 27v and 127v, since the number
of infectious particles decreased in the presence of aptamer
27vat5 pM and 1 uM and in the presence of aptamer 127v at
5 pM, whereas ODN 1V-04 had no effect. However, the de-
crease in the proportion of infectious particles produced in the
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presence of 5 uM and 1 puM ODN 27v was less pronounced
than the decrease in the HCV RNA copy number (66% and
90%, respectively, at 5 pM and 25% and 68%, respectively, at
1 wM). This could result (i) from the use of a more concen-
trated viral suspension to get a sufficient number of foci and
(ii) from the induction of new foci by surviving virus resulting
from incomplete inhibition.

Entry of DNA aptamers into Huh7 cells. To verify that these
aptamers were able to enter Huh7-QR cells during HCV in-
fection, we performed confocal microscopy experiments (see
Fig. S2 in the supplemental material). Huh7-QR cells were
infected with a dilution of JFH1 virus containing 1 uM of the
ODN labeled at the 5" end with Cy3. Twenty-four hours later,
the cells were fixed with formaldehyde, the plasma membranes
were labeled with biotinylated concanavalin A bound to Alexa
Fluor 488-streptavidin, and the nuclei were stained with 4'-6-
diaminido-2-phenylindole. As shown in Fig. S2 in the supple-
mental material, an intense red fluorescence corresponding to
the three aptamers was observed in the cytoplasms of the
infected cells (see Fig. S2, panels 2, 3, and 4, in the supple-
mental material). These results show unequivocally that the
three aptamers used in this experiment were able to enter
HCV-infected cells in the absence of transfection agents.
Moreover, the cellular uptake of ODN 27v appeared to be
more efficient than that of the other ODNG. This could explain,
at least in part, the lower level of inhibition observed with
ODN 127v.

DISCUSSION

Here we report on the characterization of two DNA aptam-
ers that specifically bind to HCV RNA polymerase. ODNs 27v
and 127v inhibited HCV NS5B activity with ICs,s of 196 = 16
nM and 322 * 48 nM, respectively, values similar to or twice as
high as the NS5B concentration used in our experiment (150
nM). The affinities of ODNs 27v and 127v for HCV NS5B were
determined by gel shift experiments. The K, values of 132.3 +
20 nM and 320.6 = 21 nM for ODNs 27v and 127v, respec-
tively, showed that they have a relatively lower affinity for their
target than other recently described DNA aptamers selected
for the inhibition of HCV NS5B (23). This difference might be
attributed to the selection conditions and the technique used,
i.e., the surface plasmon resonance assay used in the study of
Jones et al. (23) versus the filter binding assay used here (3).
Moreover, differences in affinity may be ascribed to the source
of NS5B, since our aptamers were selected by using the NS5B
from subtype la, whereas those obtained by Jones et al. (23)
were isolated by using a subgenotype 3a NS5B.

Studies challenging the specificity of the inhibition of HCV
NS5B by ODNs 27v and 127v showed that these agents were
not able to inhibit other polymerases, like HIV-1 RT and
poliovirus 3DP°, by using RNA as templates. Interestingly,
these aptamers significantly inhibited the polymerase activity
of the GBV-B NS5B. This enzyme shares 37% identity and
52% similarity with the HCV NS5B, and their polymerase
activities also have common features; they may thus share
ODN binding domains (35, 50).

The results of single-round-synthesis experiments as well as
gel-based initiation and elongation assays showed that ODN
127v inhibits the initiation and transition steps of RNA syn-
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thesis but does not inhibit elongation, whereas ODN 27v in-
hibits both initiation and elongation. Although both aptamers
inhibited initiation, our data strongly suggest that they inter-
fere with this step by different mechanisms. ODN 27v com-
petes with the RNA template, as shown by the data from
competition gel shift assays indicating that it efficiently disso-
ciates template RNA in complex with NS5B. More impor-
tantly, NS5SB was able to initiate RNA synthesis at the 3" end
of ODN 27v in the presence of both Mn** and Mg** as
divalent cations. In the presence of Mn?*, the molecules ini-
tiated were efficiently elongated (Fig. 6E), while in the pres-
ence of Mg®", a very small amount of the full-length copy of
ODN 27v was synthesized and only short abortive products
were observed. These data were obtained in assays demanding
high concentrations of the NS5B enzyme (1.13 pM) and tem-
plate (1 wM). This could explain why, under the conditions
routinely used for NS5B inhibition (150 nM NS5B and 87 nM
template RNA) in the presence of Mg®", no 35-nt RNA was
synthesized when ODN 27v was used as the template (Fig. 1C).
In the latter case, ODN 27v could displace template RNA from
its NS5B binding site, leading to an abortive initiation. An
RNA aptamer, R20-25, has been also shown to disrupt the 3’
UTR-NS5B complex, suggesting that it binds to the same do-
main as the natural template (46). The novelty of our obser-
vation is that this can be achieved with a short DNA molecule,
even though the natural template of NS5B is RNA. Compet-
itive inhibition of RNA-directed synthesis by DNA aptamers
has been shown for HIV-1 RT. One example is RT1t49, which
has been studied extensively (26). Other NS5B inhibitors have
been shown to inhibit de novo initiation prior to the elongation
step. This is the case of some nonnucleoside analogues, such as
benzimidazoles (43) and benzothiadiazines (11, 18, 44), which
have been reported to inhibit RNA synthesis by their direct
action on the enzyme before the formation of the elongation
complex. A major problem with antiviral molecules is the rapid
appearance of resistant viral strains. In this regard, it has been
shown that the inhibitory potential of RT1t49 on RT activity is
relatively insensitive to sequence variations in the enzyme (26).
In addition, the results obtained with the same aptamer indi-
cated that RT mutants resistant to such an inhibitor that over-
laps the template binding site have severe defects in HIV
replication, suggesting that they could not be isolated in vivo
(15).

In addition to its effect on the initiation step, ODN 27v also
interfered with elongation. Indeed, when ODN 27v was added
after the formation of the initiation complex, an additional
inhibitory effect was observed (Fig. 5A). This was directly dem-
onstrated in a gel-based assay (Fig. 6E). The lack of a visible
arrest band indicates that ODN 27v decreases the elongation
of RNA template by competing for and/or blocking a postini-
tiation event.

In contrast, ODN 127v appeared to block the initiation step
by another mechanism. First, it only partially dissociated the
NS5B-RNA complex at a concentration as high as 10 pM.
Second, gel-based initiation assays showed that ODN 127v
prevents the formation of the 3-nt initiation product but can-
not be used as a template (Fig. 6B to D). Thus, it is likely that
ODN 127v binding locks NS5B in a form that prevents initia-
tion. The results of both the single-round-synthesis and the
gel-based assays showed that ODN 127v did not inhibit elon-
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gation from the RNA template (Fig. 5B and 6E). However, this
aptamer apparently decreases the fidelity of RNA replication,
as shown by the appearance of new products slightly larger
(Fig. 1C, lanes 11 to 13) or smaller (Fig. 6E, lane 4) than the
template products. The fact that these two aptamers inhibit
RNA synthesis by different mechanisms suggests that they bind
to different domains of NS5B that are important for the activity
of the enzyme. Determination of the residues involved in the
interaction between NS5B and the aptamers may provide in-
formation about essential functional regions of NS5B. RNA
aptamers that inhibit HCV NS5B were shown to bind to dif-
ferent sites on HCV NS5B. Aptamer R20-25, described by Vo
et al. (46), binds to the same NS5B domain as the HCV 3’
UTR. On the contrary, the RNA aptamer selected by Biroccio
and coworkers (4) binds to a basic patch near the C-terminal
domain of NS5B.

In addition to their inhibitory potential, aptamers can be
used with NS5B to understand the mechanisms involved in
HCV RNA replication. Using two types of RNA aptamers
specific for bacteriophage Qp replicase, Brown and Gold have
proposed a model for the replication of this bacteriophage (8).
Kettenberger et al. have resolved the structure of the Saccha-
romyces cerevisiae RNA polymerase II-RNA aptamer FC*
complex, allowing a better understanding of the transcription
regulation mechanisms in this yeast (25). DNA aptamers di-
rected against E. coli RNA polymerase have allowed the study
of the mechanism of transcription in bacteria and the confor-
mational flexibility of this enzyme (27). All these examples
illustrate the potential of aptamers for use in the conduct of
structure-function studies.

Finally, we determined that in addition to the in vitro inhib-
itory effect on RNA synthesis, aptamer 27v is also able to
interfere with the RNA synthesis of HCV JFH1 in Huh7 cells.
This was shown both by quantification of the HCV RNA by
quantitative RT-PCR and by titration of the infectious parti-
cles produced in the presence of the aptamer. Although the
efficient delivery of nucleic acids across the cell membrane
remains a challenge, DNA or RNA aptamers acting as com-
petitive inhibitors could represent useful drugs for the treat-
ment of viral infections in the future. In this work we show that
the best inhibitory aptamer, aptamer 27v, enters human cells
during HCV infection and inhibits viral RNA synthesis. How-
ever, aptamer 27v is less efficient at the inhibition of JFH1
virus replication in Huh7 cells than it was in the in vitro ex-
periments. Four main hypotheses can be proposed to explain
this difference. First, the decrease in JFH1 genomic RNA
could be due to innate immunity. Indeed, some CpG motifs or
short DNA molecules could stimulate innate immunity path-
ways, but this seems unlikely, as no effect was observed with
aptamer IV-04, used as a control. Second, the conditions of
RNA synthesis in vitro and in infected cells were strictly dif-
ferent: in vitro we used a purified and soluble enzyme, whereas
in cellulo, HCV NS5B works in complex with viral and cellular
proteins in a specific membrane compartment (17, 42). Third,
the aptamers used in our experiments were unmodified. Con-
sequently, they were sensitive to cellular nucleases, even
though DNA molecules have been shown to be more stable
than RNA. Chemical modifications could improve their life-
times in the cell. Finally, the results of the experiments re-
ported here do not allow us to definitively establish that the
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mechanism of action of aptamer 27v within the cell is exclu-
sively through the inhibition of polymerase. Further experi-
ments must be performed to clarify this point.

In the case of aptamer 127v, this aptamer did not reduce or
only slightly reduced the HCV RNA level even at a concen-
tration of 5 WM. The lack of a significant effect of aptamer 127v
on strain JFH1 RNA synthesis is in agreement with data ob-
tained in the in vitro assay, showing that it only partially in-
hibits JFH1 NS5B activity (Fig. 2C).

Here, we have characterized in further detail two DNA
aptamers able to inhibit specifically the activity of the HCV
RNA polymerase in vitro. These results illustrate the power of
the selective evolution of ligands by an exponential enrichment
strategy for the isolation of specific ODNs able to inhibit HCV
NS5B by different mechanisms. Moreover, the inhibitory ef-
fects observed for human cells infected with HCV show that
aptamers may be useful tools for studying HCV RNA replica-
tion, thus becoming a very attractive and alternative approach
to therapy against HCV.
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